The elucidation of the genetic code remains among the most influential discoveries in biology. While innumerable studies have validated the general universality of the code and its value in predicting and analyzing protein coding sequences, established and emerging work has also suggested that full genome decryption may benefit from a greater consideration of a codon's neighborhood within an mRNA than has been broadly applied. This Review examines the evidence for context cues in translation, with a focus on several recent studies that reveal broad roles for mRNA context in programming translation start sites, the rate of translation elongation, and stop codon identity.
Introduction
The simple concept that 64 distinct nucleotide triplets can be unambiguously read by the ribosome as coding sequence starts, amino acid strings, and stop signals is powerful, although also incomplete. With knowledge of an organism's gene sequences and a few simplifying assumptions, this code could, in principle, allow prediction of the full set of proteins produced in that organism. Indications that additional or alternate information may lurk in mRNA sequences beyond the simple codon conversion rules have been long recognized in at least some instances (for examples, see Baranov et al., 2015; Gouy and Gautier, 1982) , although the importance and prevalence of most such additional cues has been unclear. Recent research, however, has revealed broad and surprising complexity to genome decoding, including evidence for efficient translation initiation at unexpected sites, non-additive effects of codon pairs on translation elongation, regulated and prevalent translation readthrough of stop codons, widespread modifications to mRNA bases, and context-dependent amino acid incorporation. Together, these findings suggest a higher-order set of rules for genome decoding by the ribosome than previously thought, with great relevance for our understanding of transcript-and condition-specific regulation of protein synthesis.
Following a refresher on the primary canonical rules for eukaryotic translation, we will review here established context contributions to translation, and recent developments that have defined new types of mRNA context cues and provided evidence for the widespread influence of new and previously identified cues in programming translation. Finally, the emerging role of mRNA modification on translation will be discussed. While this review focuses primarily on eukaryotic translation, the translation mechanism is remarkably conserved, and thus, many of the principles discussed here are applicable to all forms of life. Examples of non-eukaryotic regulation will be specifically noted at some points, when deemed relevant and informative.
The Canonical Model for Translation
Translation of an mRNA by the eukaryotic ribosome begins with recognition of the 5 0 m 7 G cap by a complex of proteins that recruit the small ribosomal subunit together with additional initiation factors, including an initiator tRNA conjugated to methionine and positioned in the ribosome's peptidyl transfer (P-) site. This pre-initiation complex (PIC) scans in a 5 0 to 3 0 direction until it encounters an AUG start codon, which forms canonical base pairs with the complementary initiator tRNA anticodon and triggers irreversible scanning arrest and release of a subset of initiation factors, enabling large ribosomal subunit recruitment and 80S ribosome assembly (reviewed in Hinnebusch, 2011) (Figure 1) . The elongating ribosome traverses the mRNA, pausing by codon until recognition occurs by base-pairing of the complementary aminoacyl-tRNA anticodon with the codon in the ribosome A-site, triggering peptide bond formation and transfer of the growing peptide chain to the A-site. Translocation moves the new tRNA-peptide conjugate, still base-paired to the mRNA, to the P-site and the initiator tRNA to the exit (E-) site, opening the A-site for the next mRNA codon to be recognized by its cognate aminoacyl-tRNA (reviewed in Dever and Green, 2012) (Figure 1 ). It is important to note that for much of this process, two tRNAs are closely juxtaposed within the ribosome. It has been proposed that their degree of ''fit'' is likely to differ among specific tRNA pairs and that this may influence translation efficiency (Bossi and Ruth, 1980) . The elongation process continues until one of three possible stop codons is reached, at which point a protein release factor will preferentially recognize this codon. Hydrolysis of the linkage between the elongated peptide chain and P-site tRNA releases the nascent protein, and the ribosome dissociates, aided by recycling factors (Dever and Green, 2012) .
Translation is largely unidirectional and extremely energy intensive as a result of multiple GTP hydrolysis steps. It is also quite precise, with errors in amino acid incorporation into the peptide chain predicted to occur at a rate between Cell 167, December 15, 2016 ª 2016 Elsevier Inc. 1681
